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Introduction
The long-term objective of our research is to develop and demonstrate flow control methods that use air injection in high-speed compressors for control of flow separation within stators. Separation control may enable improved performance by increasing the range of incidence angles over which total pressure loss is acceptable, and by increasing the loading level at which an acceptable level of loss occurs. This, in turn, may improve operability through increased stator aerodynamic loading, which can lead to reduced engine weight and parts count through lower solidity.
Fluidic flow control is an emerging research technology that can be applied to aircraft engine components to manage diffusing boundary layers. In a paper by Ball [1] , fluidic control was demonstrated in an offset S-type diffuser. Wadia [2] and Kerrebrock [3] patented self-aspirating compressor concepts to significantly increase pressure ratio in a turbomachinery fan. Bons and River [4] have also investigated the use of unsteady pulsed vortex generator jets to control low-pressure turbine boundary layer separation. In their work, they attached flow along a turbine vane using a combination of low and high frequency unsteadiness, imparted by the vortex generator. These results were corroborated by Culley [5] in our four-stage Low Speed Axial (LSAC) Compressor facility on two individual stator vanes. A paper by Kirtley [6] investigates a full annulus flow-controlled compressor stator ring to reduce vane count by 30 percent and increase stage efficiency by 2.1 points. Building on previous success with the Culley [5] experiments using two stator vanes, we investigated a full-annulus experiment for active closed-loop flow control for this paper.
The metric used to determine the effectiveness of stator suction surface injection was the measurement of pressure loss coefficient which is directly related to separation induced blockage in the vane passage. To this end, reductions in normalized loss coefficient on the order of 25 percent were documented previously in a two-vane experiment (see Culley et al). The significance of this result indicates that active flow separation control within the compressor stator row can increase turbomachinery performance by reducing component weight in two ways. First, by maintaining current stage loading with a reduced blade count (lowered solidity), or by increasing stage loading with the same blade count (eliminating stages). The component weight has a direct impact on fuel efficiency and emissions. This paper will show results of the full annulus experiment using steady injection along 42 of the 52 stator vanes in the first stage of a four stage compressor rig. The paper will show results of steady injection on performance for this full complement of stators, as it is used in the flow control logic. It will also concentrate on the development of stator vane separation control methods using a low speed compressor, specifically, active control of injection when the blade separates. This paper will describe an algorithm for use in autonomous control of separation via injection. Previous success was attained using only two actively controlled stator vanes in the LSAC compressor rig. Active separation control requires a method of sensing the onset of separation. Results are presented that demonstrate separation sensing using time-averaged vane surface pressure measurements and discusses a second method using time-resolved casing static pressure measurements in a full-annulus experiment.
Experimental Description
The design of the full annulus experiment was painstakingly developed over a year long period. The current experiment was performed in a large, low speed research compressor and was developed as an extension of previous work performed in a limited sector of that machine. The prior effort is fully described in Culley [5] . While the sector work was demonstrated to be an efficient method for examining a very large parameter space, the full annulus test provides a test bed for evaluation of closed loop control in a realistic compressor configuration. Outlined below is a description of the research compressor, the flow control configuration, the flow delivery system, and the active control scheme.
The current experiment is performed in a large, low speed research compressor and is developed as an extension of previous work which was performed in a limited sector of that same machine. The prior effort is fully described in Culley [5] . While the sector work was demonstrated to be an efficient method of quickly examining a very large parameter space at a local level, it was inconclusive regarding the response of the machine. The full annulus experiment is designed to answer some of those questions.
A more detailed description of the research compressor, the flow control vanes, the flow delivery system, and the separation detection and control scheme follows in the next four sections, respectively.
Research Compressor
The NASA Glenn Low Speed Axial Compressor (LSAC) facility is used for this study. Air enters the facility through a filtered roof vent, is conditioned for temperature and turbulence, and then passes through a calibrated bellmouth and into the research compressor. Airflow exiting the compressor is controlled by a throttle valve, closecoupled to the collector, and discharged into either an atmospheric or altitude exhaust system. A 1500-hp variable speed motor drives the compressor rotor.
The compressor consists of an inlet guide vane and four identical stages designed for accurate low-speed simulation of the rear stages of a high-speed core compressor. A long entrance duct is used to develop thick endwall boundary layers typical of an embedded stage. The first stage is rigged with 42 flow control stator vanes used for control. The flow path has an outer diameter of 1.219 m and a hub-tip radius ratio of 0.80. All stators have inner shrouds with a single labyrinth seal-tooth in the shrouded stator cavity. The nominal rotor tip and stator seal clearances are 1.4 and 0.6 percent of span, respectively. Rotor tip speed is 61 m/sec and nominal axial velocity is on the order of 25 m/sec. The increased size and low speed of this facility enables intrastage surveys of the flow field thus making possible an increased understanding of the complex flow phenomena within multi-stage axial compressors. A complete description of the LSAC facility is given by Wasserbauer [7] .
The blading used for the current tests is based on the Rotor B/Stator B blading designed by General Electric for the NASA Energy Efficient Engine program. Details of the original designs are reported by Wisler [8] . The stators are designed by applying modified 65-series thickness distributions to modified circular-arc meanlines. The NASA stators are slightly modified from the GE design to accommodate a difference in hub-tip radius ratio between the GE and NASA low speed compressor facilities. The NASA stator features a solidity of 1.38, an aspect ratio of 1.32, a stagger angle of 42° and a camber of 40.5°. The stator chord is 9.4 cm. Stators are sealed at both the hub and tip junctions with the flow path.
The flow over the LSAC stator vanes is not prone to strong separation prior to compressor stall. Therefore, the vanes are installed at a stagger angle increase of approximately 4° from nominal to induce early flow separation. Surface pressure measurements acquired from a pair of instrumented stator vanes indicate that at this re-stagger the vanes are not separated under open-throttle conditions but suffer a severe separation at lower flow coefficients.
Flow Control Vane Configuration
Previous flow control experiments have been performed in the LSAC stage 3 window using rapid prototyped flow control vanes. As part of this previous effort the use of laser sintering fabrication techniques were extensively explored because of its cost effectiveness in developing complex internal flow geometry. This test article fabrication process has been extended in the full annulus configuration to cover 42 of the 52 vanes in stage 1.
Structural considerations preclude the use of flow control vanes in all 52 vane positions. Examination of the structural design of the stator vane row reveals that 10 of the vanes are used to transmit loads between the inner and outer hub rings. For structural integrity these specific vane locations require the use of fiberglass vanes. The installation of these vanes is illustrated in figure 1(e) .
The flow control vanes are identical to those used in Culley [5] and are designed to produce a sheet of near tangential injection along the suction surface at 35 percent chord. The extent of coverage is approximately 10 to 90 percent of span. To fabricate these vanes cost effectively a laser sintered rapid prototyping process is used.
Shown in figure 1(a) is an image of the flow control vane. Injection air enters the tip end trunion and passes into an internal cavity where it is blown into the vane passage through a set of six slots on the vane surface. The cavity, and the features within, produces a flow distribution from the slots that is within 10 percent of the average. A second version of the vane is shown in figure 1(b) . It is identical to the first except that it includes pressure sensing ports at 5, 70, 75, and 80 percent of chord on the suction surface. A fifth tube is installed in the cavity to sense the internal pressure driving the injection jet. In figure 1(c) a photograph of the finished vane is shown along with the hardware which serves to both mechanically secure the blade to the hub ring and attach the air supply tubing.
There are 52 vanes in the stator annulus. Of these, 42 are flow control vanes and the remaining ten are solid fiberglass. The 10 fiberglass vanes are required to support the load of the hub and foot rings. Two of the 42 flow control vanes are instrumented with the additional pressure sensing ports. Shown in figure 1(e) is half of the assembled stator annulus prior to being mounted in the compressor rig. 
The Flow Delivery System
Figure 2 is a schematic representation of the flow control system including the flow control vanes. Injection air is supplied by a filtered shop air line available in the facility. A remotely-operated control valve enables the precise metering of the injected massflow rate to the vanes. The flow rate is measured with a massflow meter to an accuracy of ±1 percent full scale. The meter is isolated by two large accumulators at its output which feed 21 flow control vanes each. The accumulator filters out rapid fluctuations in the flow, which will interfere with the accuracy of the flow meter. The accumulator also serves as a stable pressure source for the downstream components of the flow system.
The flow delivery system is designed to meter and supply injection air to the flow control vanes in the stator annulus. Air passes through a mass flow meter where the bulk injection flow rate is measured. This quantity is controlled using a motorized v-notch ball valve mounted at the base of the rig. Immediately following the control valve the flow is split and enters two large pressure vessels, each with a volume of 6.8 liters, located on either side of the rig. The east and west accumulators reduce the velocity of the incoming flow by a factor of 10 so that it can be evenly distributed to the vanes.
A uniform distribution of flow relies on symmetry in the distribution system. Extreme care has been taken to ensure that all components in the flow path are identical. The limiting factor, however, is the pressure drop across the 15 foot length of 0.25 inch outside diameter tubing which connects each flow control vane to the accumulator. To monitor the flow distribution system each accumulator is instrumented for pressure and temperature. Two of the flow control vanes are also equipped with static pressure sensing in the internal cavity of the vane to verify flow balance and correlate the calibration values with the experimental injection rates.
In figure 3 
Separation Detection and Control Scheme
This effort explored two methods capable of active sensing and closed loop control of vane surface separation. Closed loop separation control is desirable because it commands injection only when necessary, thus minimizing the thermodynamic cycle penalty associated with the increased compressor bleed, which is the source of air needed for injection. In an installed compressor, separation is an effect of off-design loading caused by throttle transients, distortion, and increased clearances due to deterioration. In the LSAC, loading changes are induced by closing the rig throttle valve. Our closed loop control architecture is therefore based on forcing the onset of vane suction surface separation using changes in the throttle position, and reducing the separation using massflow input to the vane. The signals required to implement control are the massflow input, jet m , the massflow commanded, cjet m , and the pressure, delta p , measured across the vane. Implementation of a closed-loop control scheme requires a method of detecting separation. Two separation detection schemes were developed. Both these schemes were developed for a two-vane experiment, and are now described for the full annulus test. The first scheme employs a flow control vane with suction surface static pressure taps located at 70 and 85 percent chord and 56 percent span. The pressure rise between these two locations provides the controller with information on the pressure gradient over the rear of the vane. This type of detection scheme is achieved using static pressure measurements along the vane surface. An example of this method is shown in figure 4 .
The second separation detection scheme investigated uses a pressure transducer located in the casing next to the vane suction surface at 85 percent chord (fig. 4) . This scheme was developed because it requires access to only a casing static pressure. This should therefore be less costly to implement in an engine than the scheme described above which requires an instrumented airfoil. This detection scheme is based on a time-series analysis of the casing static pressure and works as follows. The wake shed from the vane causes an unsteady loading of the downstream rotor. The first Fourier harmonic of the rotor blade passing frequency is a measure of the wake-induced pressure variation generated by the rotor. Since vane surface separation causes increased wake strength, a separation can be detected from the casing static pressure signal by monitoring the power in the first harmonic.
In a control strategy for the vane, the power of the first Fourier harmonic of the pressure signal could be used to determine when to switch injection on or off. When the power of the first Fourier harmonic rises above a threshold level, the control computer automatically opens a valve to begin injection. The injected massflow from the vane surface is then varied proportionally to the casing signal strength. This is shown in figure 5 . 
Results and Discussion
Two sets of experiments were performed in the full annulus configuration. The first set of experiments documented the use of steady injection along all 42 stator vanes at varying levels of injection to establish performance benefits at stage 1 and subsequent effect to the downstream rotors. This information was used to establish the control strategy for the second set of experiments to investigate closed-loop control.
In the steady injection experiments, results were obtained from the pressure measurements across the vane. As the mass flow through the compressor was varied, a measure of deltap across the vane was recorded. In the first experiment, the stator vane angle was set to -4° stagger to induce separation. Figure 6 is a result from this experiment where deltap across the vane is plotted versus mass flow through the compressor.
In the plot, an injected mass flow of 0.084 kg/sec of steady injection is used. It is shown that the deltap across the vane (which corresponds to the flow being attached) is high until the mass flow through the compressor reached 0.36. The deltap decreases sharply until the flow through the compressor reaches 0.32. The blade is then shown to be fully separated since the deltap is near zero. When no injection is present, the flow begins to separate when the compressor mass flow (phi) is 0.39 and is fully separated by the time the compressor is at a flow condition of 0.35. This plot provides two pieces of information for the control. With no injection present, the compressor stator vane separates around 0.39 and is fully separated at a flow condition of 0.35. When injection is present, the compressor stator vane separates at a flow condition of 0.36. Without injection the vane separates at a flow condition of 0.39. The control needs to apply injected air up to a level of 0.084 kg/sec to reattach the flow and determine when to turn off the injection when the flow is not separated.
The control scheme as shown in the MATLAB/simulink diagram of figure 7 shows the simple configuration used for the full annulus experiment. The control was implemented in real-time on a Dspace PC-based control computer using Real-Time Interface software/hardware. As the flow through the compressor is varied by changing the throttle, the flow across the vane (deltap) is monitored, as well as the level of injection supplied to each vane. For the experiment only a single vane is monitored for separation, however, all 42 vanes are supplied with the same control input, and the same level of injected flow. As the vane separates, injection air is supplied proportionally to the stators to delay separation. This was accomplished using 0.084 kg/sec of injection air. The controller tracked when the vanes were separated and supplied a proportional amount of injected air. When the compressor mass flow setting was throttled open, the controller sensed that the stator was no longer separated and turned off injection. The controller tracked either the injected flow condition or the no-injected flow condition as appropriate. Another experiment performed for this test was the validation of a kulite in the casing method to sense separation. Figure 8 shows a plot of the PSD of the kulite as the throttle condition is varied from 0.45 to 0.34 with and without injection. A single transducer records the pressure fluctuations present at the casing near the stator vane. A PSD of the kulite signal is calculated and the amplitude at blade passage frequency of this signal is monitored. When the PSD amplitude is below 0.55, the flow is attached to the vane. As the peak of the PSD begins to rise, this indicates separation has occurred. Using steady injection, the PSD amplitude is lowered and the flow is attached. Figure 8 shows that as the throttle condition is varied below a phi = 0.39, the vane begins to separate for the no injection case. When 0.084 kg/s of injection is used, the PSD remains below 0.55 until a phi = 0.36 is reached. Then the flow begins to separate. This PSD method indicates a separation at the same time that the deltap across the vane indicates separation. Thus, a single sensor in the casing in a full annulus experiment can be used to detect and control separation when the PSD is calculated to monitor blade passage frequency harmonics. 
Conclusion
Control of stator vane suction surface separation was demonstrated in a low speed multistage compressor using steady injection on the suction surface of 42 vanes. Steady injection experiments were used to determine the appropriate level of injection to reattach flow along the stator vane surface. This information was supplied to the control scheme for successful real-time closed loop control for the first compressor stage.
Spectral analysis of the casing static pressure measured near the vane-endwall junction was found to provide a reliable indicator of the degree of vane separation. Another method using the change in static pressure along the vane surface of a single vane was used as control input to a real-time closed loop control experiment. The design of a feedback control system that modulated vane injection to control separation was successfully demonstrated. Results indicated that these two methods were viable for separation detection and control. Future experiments, however, show that locating the actuator close to or embedded in the stator vane it self will provide a more adequate means of control.
